Seagrasses are unique angiosperms that carry out growth and reproduction submerged in seawater. They occur in at least three families of the Alismatales. All have chloroplasts mainly in the cells of the epidermis. Living in seawater, the supply of inorganic carbon (C i ) to the chloroplasts is diffusion limited, especially under unstirred conditions. Therefore, the supply of CO 2 and bicarbonate across the diffusive boundary layer on the outer side of the epidermis is often a limiting factor. Here we discuss the evidence for mechanisms that enhance the uptake of C i into the epidermal cells. Since bicarbonate is plentiful in seawater, a bicarbonate pump might be expected; however, the evidence for such a pump is not strongly supported. There is evidence for a carbonic anhydrase outside the outer plasmalemma. This, together with evidence for an outward proton pump, suggests the possibility that local acidification leads to enhanced concentrations of CO 2 adjacent to the outer tangential epidermal walls, which enhances the uptake of CO 2 , and this could be followed by a carbon-concentrating mechanism (CCM) in the cytoplasm and/or chloroplasts. The lines of evidence for such an epidermal CCM are discussed, including evidence for special 'transfer cells' in some but not all seagrass leaves in the tangential inner walls of the epidermal cells. It is concluded that seagrasses have a CCM but that the case for concentration of CO 2 at the site of Rubisco carboxylation is not proven.
Introduction
Seagrasses are angiosperms (i.e. flowering plants) that evolved in three families of the Alismatales in the early stage of angiosperm evolution. Angiosperms were largely land plants at this stage in the Cretaceous, but the monocot order Alismatales with 13 families and thousands of species (as defined by the Angiosperm Phylogeny group: http://www.jstor.org/stable/2992015, last accessed 6 June 2017) were largely freshwater, sometimes emergent, aquatic plants with features adapting them to life in water. Such features were: surface or underwater pollination, loss of stomata and photosynthetic adaptations to life in water, including aerenchyma, and physiological adaptations to take up inorganic carbon (C i ) from water rather than air and simplified hydrodynamic leaves. It is interesting, however, that all three seagrass families, the Hydrocharitaceae, the Cymodoceaceae complex, and the Zosteraceae (den Hartog, 1970; Waycott et al., 2006) have similar adaptations for living in the sea. This may suggest that all three families migrated to the sea from freshwater, yet it is equally arguable that seagrasses migrated directly from dry land via saltmarshes (Larkum and den Hartog, 1989) ; and, indeed, there are 61 species of salt marsh plants, halophytes, within the Alismatales (Flowers et al., 2010) . Of course both evolutionary routes could be quite possible; however, the similarity in morphology and physiology resonates a similar origin (A.W.D. Larkum et al., unpublished results) . In any case, the seagrasses evolved fairly simultaneously ~100 million years ago (Mya). The limited fossil record for seagrasses suggests their ancestors, which are the basal lineages of the Alismatales, probably evolved in the Cretaceous period, with the start of the divergence of modern seagrasses >70 Mya (Janssen and Bremer, 2004; Anderson and Janssen, 2009 ). Whether there is any correlation for this start to a marine habitat with the high CO 2 levels (of up to 1000 ppm) experienced by Cretaceous atmospheres (Royer, 2014) has not been explored. The different modern family lineages of seagrasses vary in age; most are considerably younger than 70 Mya (Les and Tippery, 2013) . Given such an established and long evolutionary history, it is remarkable that although there are between 35 000 and 40 000 species of angiosperms in existence today, and thousands of species in the Alismatales, there are only some 65 species of seagrasses. Biogeographically, seagrasses occur on all continents with the exception of Antarctica, and this is a real paradox in terms of the small number of species; part of the reason for the paucity of species appears to be due to the difficulties of successfully colonizing saltwater habitats, particularly since wave action and microbial pathogens are potent new stresses in this evolutionary extension; however, it may also be due to large-scale extinction of species in the relatively recent past, caused by intense herbivory by dugongs and other sirenians (A.W.D. Larkum et al., unpublished results) .
If seagrasses did evolve through saltmarsh habitats, this would explain the strong sheath that envelops the shoot base in almost all species and the fact that the liquid medium found in the shoot base is at a much lower osmotic pressure than seawater: here the hypothesis is that, coming from a freshwater medium to saltwater, the plants would protect against the stress of high salinity by lowering the osmotic pressure around the growing meristems (Tyerman et al., 1984) . Much more problematic is the origin of the photosynthetic epidermis and the mechanism that has evolved to service this chlorophyll-containing tissue with C i from the ambient seawater medium. As the current issue highlights, many algae and plants have evolved a carbon-concentrating mechanism (CCM) to enhance their photosynthetic capabilities; that is, C i is actively concentrated at some point on its route from the ambient medium to the site of carboxylation in chloroplasts. The presence of CCMs has previously been accepted in many Alismatales including seagrasses (Maberly and Madsen, 2002) , and this partly alleviates the problem of slow diffusion of C i across unstirred water layers (diffusive boundary layers) in an aquatic medium, and thus facilitates the movement of C i into the epidermal cells and then into the chloroplasts where carbon fixation occurs. This is the first critical review of the evidence for CCMs in seagrasses.
Seagrasses: families and angiosperm evolution As discussed above, three or more seagrass families have evolved amongst the Order Alismatales (depending on the definition). Seagrasses generally have strap-shaped leaves: the genus Halophila has species with paddle-shaped leaves and the leaves of Amphibolis spp. originate from a stalk. Halophila is in the Hydrocharitaceae in which two other genera of seagrasses exist, both tropical: Enhalus and Thalassia; however, there are 16 hydrocharitacean genera altogether, the rest being freshwater plants. The other families, Cymodoceaceae and Zosteraceae, are both comprised only of seagrass species. How these families evolved in the early stages is little known, as few recognizable fossils exist.
Despite their three evolutionary origins, the seagrasses all have a similar basic morphological structure: they have roots, underground stems (rhizomes), and shoots which bear the flowers and leaves [as well as leaf scales, including the 'squamulae intravaginales' that are characteristic of all the seagrasses (Arber, 1923) , but are also present in many other Alismatales]. All tissues have a well-structured gas space system (aerenchyma/lacunae) (Raven, 1996) which facilitates gaseous exchange of the various parts. In the light, photosynthetic oxygen evolution and the lower solubility of O 2 than of CO 2 , which result in the outward resistance of the diffusive boundary layer (DBL) (see Koch et al., 1994 ; discussion below and Fig. 1 ) and the low permeability to O 2 , cause the aerenchyma of leaves to increase in pressure, and this causes leaves to become more buoyant and become more vertical, and to leak gas through small adventitious cracks in the leaf tissue. The increased pressure also causes gaseous movement from the leaves to the roots. At night, respiration generates CO 2 , but it is unlikely that significant movement of CO 2 occurs from roots to leaves as a result of this .
While the occurrence of a true CCM in seagrasses is still a matter of debate, seagrasses do, as will be discussed below, have similar features to plants with CCMs. Like a number of other hydrophytes, seagrasses have a photosynthetic epidermis; that is, the majority of chloroplasts are located in the epidermal cells, in contradistinction to most hydrophytes where chloroplasts are also abundant in the mesophyll cells. In seagrasses a few chloroplasts are also found in the mesophyll cells of the leaves of some tropical species such as Thalassia. In effect, what this means is that the route for C i species is largely from the ambient medium to the carbon fixation mechanism in the chloroplasts of the epidermal cells. This seems to be an adaptation to facilitate the movement of C i across the DBL into the cytoplasm of the epidermal cells and then into the chloroplasts. A further adaptation in all seagrasses appears to be a reduction in the structure of the cuticle, although much depends on the chemical structure and the proportion of cutin as compared with land plants (Fich et al., 2016) . Thus the movement of C i is often assumed to be not greatly impeded across the reduced cuticle (Frost-Christensen and Floto, 2007; and see below) . As mentioned in the Introduction, stomata, made redundant by their underwater existence, are not found in seagrasses. In other Alismatales, however, stomata can still be found on the upper surfaces, and much fewer on lower surfaces, of some freshwater species exposed to air, suggesting a transition of stomatal loss in underwater vegetation.
Evidence for a CCM in seagrasses

General evidence for a CCM in seagrasses
CCMs necessarily involve the accumulation of CO 2 at the Rubisco active site to a higher concentration than in the bulk medium during steady-state photosynthesis (Badger et al., 1998; Raven et al., 2005) . However, there have been no published accounts demonstrating this for seagrasses; presumably, this is a result of the complexity of seagrass leaf structure with several photosynthetic and non-photosynthetic cell types as well as intercellular gas spaces. One recent study on the response of Zostera muelleri to a 90% reduction in ambient light levels (P.A. Davey et al., unpublished results) showed significant down-regulation of expression of transcripts associated with photosynthesis, carbonic anhydrase (CA), and Rubisco kinetics in response to the 90% light reduction. To complement such results, a similar study at the proteomic level in Z. muelleri found that Rubisco activase, large subunit Rubisco, and small subunit Rubisco were significantly downregulated under lower irradiances. Photophysiological data in this study again suggested lower rates of carbon fixation (Kumar et al., 2016) . These studies point the way to future avenues of investigation and the utility of seagrass omics in general (Dattolo et al., 2014; Davey et al., 2016) . Combining such methods with physiological evidence provides a powerful new tool to look at CCMs in the future.
Other indirect methods to measure CO 2 compensation concentration, the affinity for C i expressed in terms of CO 2 , and the effect of changed O 2 concentrations (Maberly and Madsen, 2002) may generate other substantial evidence relevant to the occurrence of CCMs in the future. A further test is the natural abundance 13 C: 12 C of organic C in seagrasses. In each case, the null hypothesis is that there is no CCM because the data agree with predictions based on the range of kinetics of the form IB Rubiscos occurring in flowering − at the outer surface of the epidermal cell (adapted from Larkum et al., 2006) . CA-1, carbonic anhydrase excreted from epidermal cells; CA-2, cytoplasmic carbonic anhydrase; CA-3, carbonic anhydrase of the chloroplast stroma; CA-4, carbonic anhydrase of the thylakoid inner space. Note that while the diagram apparently shows a coupled bicarbonate and proton movement across the plasmalemma this is not implied as there are no known proton-driven bicarbonate pumps. Any active movement of bicarbonate would have to be driven by chloride, sodium, etc., for which coupled systems are known.
plants, bearing in mind that there are no data on Rubiscos purified from seagrasses.
The special case of C 4 photosynthetic metabolism which could act as a CCM is best dealt with by examining the labeled assimilation products of short-term (seconds) supply of [ 14 C]C i . If the earliest labeled products are 3-phosphoglycerate and sugar phosphates, then this demonstrates C 3 photosynthetic biochemistry (initial fixation by Rubisco). When the earliest labeled products are the C 4 dicarboxylic acids malate and/or aspartate with later labeling of 3-phosphoglycerate and sugar phosphates, then C 4 photosynthetic biochemistry is demonstrated. For C 4 , the initial carboxylase is phospheonolpyruvate carboxylase (PEPC) whose product is oxaloacetate, but normal extraction procedures cause spontaneous decarboxylation of oxaloacetate, and special procedures (not yet applied to seagrasses) are needed to isolate 14 C-labeled products. The outcome of early labeling experiments (Beer et al., 1980) indicated that Cymodocea nodosa is C 4 , Thalassia hemprichii and Thalassodendron ciliatum are C 3 , and Halophila stipulata is a C 3 -C 4 intermediate. For 13 other species of seagrass what data are available suggest C 3 photosynthetic biochemistry (Koch et al., 2013) .
The occurrence of genes encoding enzymes involved in C 4 photosynthetic biochemistry is not diagnostic of C 4 photosynthesis. Aubrey et al. (2011) showed that the enzymes involved in C 4 photosynthetic biochemistry have functions in plants other than in C 4 photosynthesis. Chi et al. (2014; their table 1) show that there is at least one copy of each of eight genes related to C 4 photosynthesis and also to other aspects of metabolism in the four completely sequenced tracheophytes (two with C 3 photosynthesis and two with C 4 photosynthesis) and one completely sequenced C 3 photosynthesis bryophyte that they examined. For PEPC, the two C 4 plants had three or four copies of the gene, while the two C 3 plants have four or six copies.
Rubisco enzyme kinetics and compensation points
There are no data on the kinetics of seagrass Rubisco, and for those seagrasses where some genomic sequencing has been done the Rubiscos are not in the list of genes with evidence of positive selection (i.e. Posidonia oceanica and Zostera marina), although Rubisco activase does show evidence of positive selection (Wissler et al., 2011) . Rubisco kinetics are currently an area of active study (Galmés et al., 2014) ; positive selection of Rubisco could increase the efficiency of a CCM by enhancing the rate of CO 2 fixation, and Iida et al. (2009) found evidence of positive selection of Rubisco in submerged freshwater flowering plants of the genus Potamogeton that are closely related to seagrasses and have CCMs, against a background of little evidence for adaptive evolution in genome-wide analyses of flowering plants (Gossmann et al., 2010) . Furthermore, Piro et al. (2015) found three Rubisco regulatory proteins in the chloroplasts of Posidonia oceanica. We assume that the enzyme kinetics, including those contributing to CO 2 isotope discrimination, of the Form IB Rubisco of seagrasses are within the range for other flowering plant Rubiscos (Tcherkez et al., 2006; Galmés et al., 2014; Orr et al., 2016) .
The least ambiguous of these methods is determination of the CO 2 compensation concentration, since this is a steady-state situation independent of constraints such as the DBL, and also of the occurrence of more active Rubisco in the leaves than is needed to account for the C i -saturated rate of in vivo photosynthesis (fig. 5.8 of Raven, 1984) . The CO 2 compensation concentration of plants is usually calculated from the final pH of a pH drift experiment, the total C i present at the final pH, and the C i speciation at that pH. The CO 2 compensation concentration in algae can be overestimated if the final pH is determined not by the C i system but by truncation of the pH increase by a direct effect of pH, thus overestimating the CO 2 compensation concentration (e.g. Raven et al., 2005) . The pH drift data of Borum et al. (2016) showed that seven of the nine species of seagrasses examined had CO 2 compensation concentrations lower than is consistent with diffusive CO 2 entry (i.e. they suggest the occurrence of a CCM); the value for one other species is consistent with diffusive CO 2 entry, with ambiguous data for one further species.
Affinity of photosynthesis for CO 2 versus affinity of Rubisco for CO 2
The second test for the occurrence of CCMs is comparison of the C i affinity for photosynthesis expressed as CO 2 with the affinity of Rubisco for CO 2 (Badger et al 1998) .
As indicated above, the CO 2 affinity findings for seagrass leaves can be complicated by CO 2 diffusion through the DBL and other components of the diffusion path to Rubisco that decrease the affinity relative to the in vitro affinity of Rubisco (fig. 5.8 of Raven, 1984) ; the reverse is the case if there is a higher in vivo CO 2 -saturated Rubisco activity than is needed for the in vivo C i -saturated photosynthetic rate (fig. 5.8 of Raven, 1984) . References in Koch et al. (2013, selecting data that do not involve the use of pH buffers in the medium), as well as the data in table 3 of Borum et al. (2016) , show that the in vivo affinity for CO 2 is similar to that of C 3 vascular plants. There are larger restrictions on entirely diffusive CO 2 supply under C i -limited conditions by extracellular diffusive limitations for aquatic than terrestrial vascular plants in the present atmosphere or air-equilibrated aquatic media (as discussed below; Denny, 1993; Vogel, 1996) . The kinetics of Rubisco are similar in seagrasses and terrestrial plants; therefore, assuming no excess Rubisco activity over what is needed for CO 2 -saturated photosynthesis, the similarity of in vivo CO 2 affinities in seagrasses and terrestrial plants is consistent with the occurrence of CCMs in the seagrasses. C 3 terrestrial plants have an excess of Rubisco activity over what is needed for CO 2 -saturated photosynthesis (von Caemmerer, 2000) ; therefore, seagrasses would need a significantly greater excess of Rubisco activity than the terrestrial C 3 plants to weaken the case for seagrass CCMs based on C i affinity alone, and this is not the case. The data of Beer et al. (1991) show that the maximum in vitro CO 2 -saturated Rubisco is 2-4.8 times the C i -saturated rate of in vivo photosynthesis in two seagrasses. This means that the ratio of the maximum in vitro Rubisco activity to maximum in vivo photosynthetic rate is similar to, and possibly greater than, that for C 3 -physiology terrestrial plants. Freshwater submerged flowering plants have maximum in vitro CO 2 -saturated Rubiscos that are generally higher than the C i -saturated rate of photosynthesis, with a ratio of 1.0-2.3 for a plant relying on CO 2 diffusion, and 1.1-4.17 for two plants with CCMs (Madsen et al., 1996) .
The effect of O 2 on photosynthesis
A third possible line of evidence on the occurrence of CCMs in seagrasses is the effect of O 2 on photosynthesis. Diffusive supply of CO 2 to Rubisco in terrestrial C 3 plants shows competitive inhibition of CO 2 by O 2 that can be modeled using in vitro kinetics of Rubisco and restrictions on diffusion of CO 2 and O 2 between the bulk atmosphere and the relevant sites in the chloroplast (von Caemmerer, 2000) . The larger potential restrictions on diffusion of CO 2 and O 2 in seagrasses than in C 3 physiology flowering plants means that given CO 2 and O 2 concentrations would produce lower steady-state CO 2 concentrations and higher steady-state O 2 concentrations in the seagrasses. O 2 effects on seagrass photosynthesis (Black et al., 1976; Downton et al., 1976; Mass et al., 2010; Buapet et al., 2013) show more inhibition at higher O 2 and high pH of the medium (low CO 2 :O 2 ), but are not easy to interpret. Without estimates of boundary layer effects, the data are difficult to interpret quantitatively in terms of C 3 physiology or of incomplete inhibition of Rubisco oxygenase and the photorespiratory carbon oxidation cycle (PCOC). While [ 14 C]C i supplied for 10 min has 6-14% of the label in glycine and serine, consistent with labeling in the PCOC, nevertheless, over such time intervals, it is difficult to rule out labeling of glycine and serine from glycolysis. Furthermore, gene knock-out evidence from cyanobacteria shows that a small flux through Rubisco oxygenase and some means of metabolizing phosphoglycolate is essential for photosynthetic growth despite a very high ratio of internal to external C i generated by the CCM that would be expected to eliminate Rubisco oxygenase activity almost completely (Eisenhut et al., 2008) . In summary, these seagrass data suggest the occurrence of photorespiration, but do not provide information on the occurrence of a CCM. δ
C experiments
The fourth method in assessing the possibility of a CCM is measuring δ 13 C in organic matter. Assuming constancy of inorganic δ 13 C of seawater, organic matter δ 13 C values more negative than -30‰ indicate diffusive CO 2 entry and C 3 biochemistry (Benedict et al., 1980; Maberly et al., 1992; Raven et al., 2002; Stepien, 2015) . On this criterion, no seagrasses unequivocally have diffusive CO 2 entry and associated C 3 biochemistry (Stepien, 2015) . δ 13 C values more positive than -10‰ can only be explained by the use of HCO 3 − (Maberly et al., 1992; Raven et al., 2002; Stepien, 2015) . Almost half of the data sets in seagrasses have δ
13
C values more positive than -10‰, thus demonstrating HCO 3 − use; and δ
C values can be used as a signature of light levels and activity of photosynthesis (Hu et al., 2012) . Values of δ 13 C between -30‰ and -10‰ are consistent with HCO 3 − use and/or C 3 biochemistry, with diffusive entry of CO 2 involving a large fractional limitation of photosynthesis by CO 2 diffusion and/or C 4 biochemistry. The remaining seagrass δ
C values are toward the positive end of -30‰ to -10‰ and probably indicate HCO 3 − use and/or C 4 biochemistry; such relatively positive values would require very low photosynthetic and growth rates if diffusive CO 2 with C 3 biochemistry was almost entirely limited by CO 2 diffusion (Raven et al., 1995) . Nevertheless, the possibility of a leaky membrane and the difficulties of accurately measuring δ 13 C values when a DBL exists makes a firm judgement difficult without more evidence
Effects of carbonic anhydrase inhibitors and buffer
A fifth potential method of examining the phenomenon of C i concentration in the cytoplasm and/or chloroplast of epidermal cells is to explore the effect of inhibitor and strong buffers on the predicted exchange of various ions across the outer-facing plasmalemma of the epidermis (Fig. 1) . CA is inhibited by acetazolamide (AZ) and ethanolamide (EZ); the former is impermeant to cells, whereas the latter is permeant. The effects of AZ are somewhat equivocal in their inhibition of photosynthesis (Hellblom et al., 2001; Larkum et al., 2006) . Tris buffer at 50 mM was found to have a strong inhibitory effect on photosynthesis in Z. marina (Hellblom et al., 2001) . Also, Uku et al. (2005) found an effect of 50 mol m −3 Tris buffer in six out of eight tropical seagrass species, which was additive with the effect of AZ at a pH of 8.2. Furthermore, they found that at pH 8.8 there was a further strong inhibition of photosynthesis (to 0-12%), which they explained as the effect of reduced ambient CO 2 concentration. They argued that these results indicated that in six of the eight species C i uptake was based on CA-catalyzed HCO 3 to CO 2 conversion within an acidified DBL and that the system was linked to the extrusion of H + ions into the cell wall space in the acidified zone, as shown in Fig. 1 . However, this is not direct proof of CO 2 concentration at the site of Rubisco carboxylation. We return to a discussion of these effects in the next two sections.
General conclusion for 'Evidence for a CCM in seagrasses'
The five data sets considered here are either neutral as to rejecting the null hypothesis or are consistent with the occurrence of a CCM in most of the seagrasses examined. Since the major problem with interpreting the data was the uncertainty on the quantitative role of the DBL, and of the cuticle, in restricting C i flux to, and O 2 flux from, the surface of the seagrass leaf, the influence of these two constraints is considered before the mechanism of seagrass CCMs is considered. In the future, a further data set may come from immunolocalization and microdissection techniques to locate putative CCMs Constraints on C i and O 2 fluxes between the bulk medium and the seagrass epidermal plasmalemma in the absence of added carbonic anhydrase: diffusive boundary layers Koch et al. (2006) consider the effects of current and wave action, wind speed, and the mixing of bulk seawater within a seagrass bed. Furthermore, the DBL of individual leaves (Bryant et al. 2007 ) and fluxes of the photosynthetic and respiratory gases (CO 2 and O 2 ) between the seagrasses and the bulk atmosphere (Ho et al., 2006; Semesi et al., 2009; Saderne et al., 2013) were considered. These constraints on solute fluxes result in variations over a diel cycle of pH from 7.8 to 8.9 and a 2-fold change in concentration of total C i (Semesi et al., 2009) . The earlier methods for measuring flow effects in seagrass communities has recently been augmented by the method of eddy correlation, whereby oxygen exchange over a substantial seagrass bed can be measured (Rheuban et al., 2014) .
Turning to experiments on the DBL of leaves of individual seagrasses (see Fig. 1 ), variation in the speed of laminar flow over seagrass leaves with parallel measurements of the DBL thickness could be used to interpret fluxes between the leaf surface and the bulk phase. This has been achieved for a freshwater red macroalga (MacFarlane and Raven, 1985 Raven, , 1989 Raven, , 1990 ), but not as comprehensively for seagrasses where DBL thicknesses of 50-100 μm have been assumed (James and Larkum, 1996; Invers et al., 2001) . With an assumed DBL thickness of 50 μm, James and Larkum (1996) followed Briggs (1959) in calculating the uncatalyzed HCO 3 − to CO 2 conversion in the DBL, showing that the measured photosynthetic rate was consistent with CO 2 supplied from HCO 3 − as the only dissolved C i (DIC) source taken up by the seagrass and where there is no external CA activity. However, James and Larkum (1996) used the pH buffers Tricine [N-tris(hydroxymethyl)methylglycine] or CAPS (N-cyclohexyl-3-aminopropanesulfonic acid), depending on the pH, in the experimental medium. Such buffers are now known to inhibit photosynthesis in many seagrasses (Hellblom et al., 2001; Koch et al., 2013) , and net photosynthesis by seagrasses in the absence of added buffers is up to 10-fold greater at pH 8.0-8.2 than the values found by James and Larkum (1996) . With 3.3 μmol C i influx m −2 leaf surface area s −1 (Pollard 1999) , the uncatalyzed rate of HCO 3 − to CO 2 conversion in a 50 μm thick DBL only supplies CO 2 at a fifth of the rate needed if CO 2 is the only form of C i entering the plant.
However, CO 2 can also be supplied by CO 2 across the DBL (Fig. 1) , and we now calculate the diffusive CO 2 flux from the bulk water phase to the leaf surface followed by CO 2 entry. We assume a bulk phase CO 2 concentration in equilibrium with a 400 μmol mol −1 CO 2 gas phase of 11.6 mmol m −3
, calculated using table 4.1 of Raven (1984) , using a CO 2 diffusion coefficient of 1.9 × 10 −9 m 2 s −1 ( ), the computed concentration difference for CO 2 across the DBL is 87 mmol m −3 , which is greater than the bulk phase concentration of 11.6 mmol m . Even with the addition of the uncatalyzed rate of production of CO 2 from HCO 3 − in the DBL, diffusion of CO 2 across the DBL cannot supply sufficient CO 2 for photosynthesis if the only form of C i used by the plant is CO 2 . The HCO 3 − concentration in the bulk seawater is at least 100 times that of CO 2 , and the diffusion coefficient for HCO 3 − is about half of that for CO 2 , permitting HCO 3 − fluxes to the cell surface >50-fold that for CO 2 (Raven, 1984) . These high fluxes are permitted if acid-base and charge balance are maintained by parallel buffered fluxes of H + from the bulk phase to the epidermal cell wall and/or a buffered OH − flux in the opposite direction (Raven and Hurd, 2012) . Of course, ultimately it comes down to the charge balance within the epidermal and mesophyll cells, which is presumably maintained by proton efflux into acid zones (see below), leaving excess negative charge inside, which is balanced by equal proton influx in the alkaline zones.
Constraints on C i and O 2 fluxes between the bulk medium and the seagrass epidermal plasmalemma: cuticle and cell wall
There is a further potential constraint on CO 2 and HCO 3 − fluxes from the bulk water phase to the outer epidermal cell wall and plasmalemma, namely the cuticle (see Fig. 1 ). There seem to be no measurements of the CO 2 permeability of the thin cuticles of seagrasses, but there are values for the isolated cuticles of the submerged freshwater monocotyledonous flowering plants Vallisneria spiralis (MacFarlane, 1992) and Potamogeton crispus (Frost-Christensen and Floto, 2007) , members of the Alismatales and close relatives of seagrasses. The isolated cuticle of V. spiralis has a permeability to CO 2 of 2.1 μm s −1 (and 3.3 μm s −1 for O 2 ), and with waxes removed the values increase to 7.7 μm s −1 for CO 2 (and 9.6 μm s −1 for O 2 ) (MacFarlane, 1992) . for O 2 with cuticles 35-49 nm thick (Frost-Christensen et al., 2003; Frost-Christensen and Floto, 2007) . The O 2 permeability of the cell wall is more than three times that of the cuticle (Frost-Christensen et al., 2003) . There seem to be no measurements of HCO 3 − permeability of seagrass (or freshwater submerged macrophyte) cuticle, but seagrass leaves can take up another anion, NO 3 − (Lee and Dunton, 1999) , at lower rates than those of C i in photosynthesis but at much lower concentrations than seawater HCO 3 − , so anions must be able to cross the cuticle and cell wall.
A further observation in seagrasses is the presence of what have been called 'transfer cells' (Kuo, 1984) in the epidermal tangential (i.e. the inner epidermal walls; Fig. 2 ). Such cell types have previously been noted in the seagrass Thalassodendron ciliatum by Barnabas (1982) and in some Australian seagrasses (Kuo and den Hartog, 2006) . Two kinds of 'transfer cells' can be distinguished in the epidermal blades of various seagrass genera. (a) An extreme complex of 'fine wall ingrowths' occur in Zostera, Phyllospadix, Heterozostera, Thalassia, and Halophila. Most of them occur in the inner tangential-inner facing-cell walls extending to the lower portions of lateral walls (e.g. Figs 2A, 2F ), except that they occur on the outer tangential walls of Halophila. These fine wall ingrowths, ~0.4 µm in diameter, with various branching (Fig. 2E, F) extend from the walls well into the cytoplasm ( Fig. 2A, F) ; they also associate with mitochondria (Fig. 2E, F) . (b) A labyrinthine extracytoplasmic space with loosely distributed fibrillar material occurs in Halodule, Thalassodendron, Enhalus, Cymodocea, and Phyllospadix. They normally occur on the lateral walls (e.g. Fig. 2 ), but are present in all walls of Phyllospadix torreyi; while both Thalassia and Phyllospadix scouleri seagrasses have both a and b types of transfer cells.
It should be noted that these spaces with fibrillar matter do not connect to the wall directly. This type usually associates with 'tropical' seagrass species. (c) In Posidonia and Amphibolis species, no a or b type transfer cells have been observed.
The above-mentioned 'transfer cells' (a and b) in the seagrass epidermal cells of the leaf blade are quite different in their appearance from characteristic transfer cells (as described by Gunning and Pate, 1969) . The adjacent ' (a or b) . However, characteristic transfer cells of the type described by Gunning and Pate (1968) are present in the bundle sheath cells of Zostera, in the interface of 'developing viviparous seedlings', and in the parent tissues in both Thalassodendron and Amphibolis. These developing viviparous seedlings do not store carbohydrates (starch) as in seeds of other seagrasses.
Whether these 'transfer cells' have any connection to carbon acquisition processes in seagrasses is unknown, but other workers in the field have been attracted to this possibility (Dean Price, personal communication), and it is tempting to speculate that they do function in C i acqusition. However, the lack of any evidence for these 'transfer cells' in Posidonia and Amphibolis would need to be explained.
Specific mechanisms that could contribute to a CCM in seagrasses
Current evidence implies that HCO 3 − influx (i.e. active HCO 3 − uptake) does not occur in leaves of seagrasses based on evidence of putative anion transporters or the lack of action of the bicarbonate transport inhibitors, DIDS (4,4'-di-isothiocyanostilbene-2,2'-disulfonic acid) and SITS (4-acetamido-4'-isothiocyanostilbene-2,2'-disulfonic acid) (Hellblom et al, 2001) . Whether the sensitivity to light of DIDS and SITS (Herfort et al. 2002) has properly been taken into account in these experiments is not clear. Alternatively a suggestion for 'active' HCO 3 − entry is coupling it to known active H + extrusion pumps (Pak et al., 1995; Fernández et al., 1999; Muramatsu et al., 2002; Kong et al., 2014) , presumably via H + -HCO 3 − symport, a speculation that has received little support in the past (Larkum et al., 2006) . Nevertheless, there seems to have been no follow-up to the work of Millhouse and Strother (1986) (Fernández et al., 1999; García-Sánchez et al.,2000; Brett et al., 2005; Rubio et al., 2005 Rubio et al., , 2011 Garciadeblás et al., 2007; Olsen et al., 2016) .
In the absence of support for HCO 3 − transport across the plasmalemma, emphasis has focused on the extracellular conversion of HCO 3 − to CO 2 , with subsequent influx (as well as efflux from the cell wall to the DBL) of CO 2 and its consumption in photosynthesis (Fig. 1) . The simplest mechanism of this kind involves only extracellular CA activity, based on the inhibition of photosynthesis by the membrane-impermeant CA inhibitor AZ (see Larkum et al., 2006; Koch et al., 2013; Borum et al., 2016) . The CA assay used is relatively insensitive, so the lack of detectable activity (Millhouse and Strother, 1986; Mercado et al., 2003; Demir et al., 2006) does not necessarily mean there is insufficient activity for HCO 3 − acquisition. The use of AZ as an external CA-specific inhibitor based on an inability to cross the plasmalemma, as well as its specificity for CA, in seagrasses and application of the 18 O exchange method of Tansik et al. (2015) to seagrasses would be useful. CA genes have been found in the genome of Z. marina (Olsen et al., 2016), and Z. muelleri (P.A. Davey et al., unpublished results) , although the intracellular location of their expression is not clear, and CAs are ubiquitous in oxygenically photosynthesizing cells regardless of the mechanism of C i acquisition (DiMario et al., 2017) . Such a mechanism would not lead to accumulation of CO 2 in the cells, but could speed up the diffusive transfer of CO 2 to Rubisco by increasing the CO 2 concentration in the cell wall by equilibrating HCO 3 − with CO 2 . Further enhancement of CO 2 entry resulting from cell wall CA activity is the involvement of the active H + efflux pump mentioned above (Larkum et al., 2006) (Fig. 1) . Green mesophyll cells of Z. marina leaves have an electrogenic H + efflux pump energized by ATP provided by mitochondrial respiration (Fernández et al., 1999; Carr and Axelsson, 2008) , as is the case for other embryophytes and their ancestral charophycean green algae, and as recently indicated by the transcriptome of Z. marina (Kong et al., 2014) . Walker et al. (1980) modeled the acid zones of intermodal cells of ecorticate freshwater characeans with their alternating acid (based on active H + efflux) and alkaline zones. The acid zones influence the HCO 3 − to CO 2 conversion in two ways. One is the 10-fold increase in the equilibrium ratio of CO 2 to HCO 3 − with each unit pH decrease, and the other is the 10-fold increase of the otherwise uncatalyzed rate of conversion of HCO 3 − to CO 2 for each unit pH decrease. These enhancements may not be adequate to supply CO 2 at a rate sufficient to account for the observed rate of DIC assimilation in photosynthesis and, as indicated above, most seagrasses have a requirement for extracellular CA activity for adequate photosynthesis, as indicated by AZ inhibition (Larkum et al., 2006; Koch et al., 2013; Borum et al., 2016) .
There is no direct evidence for the acid zones in seagrasses; any such zones must be of much smaller area than those in the Characeae or certain freshwater submerged macrophytes, since l mm 2 (or larger) zones would easily have been demonstrated using pH indicators in unstirred media (Raven and Hurd, 2012) . Any such localized acid zones would occur despite the overall increase in pH at the surface of cells and organs photosynthesizing under water, and lateral loss of H + from the acid zones to the surrounding high pH zones, making maintenance of the acid zones more difficult. This effect would be greater for smaller acid zones, with a high ratio of lateral H + loss to alkaline zones to active H + efflux from the cytosol to the acid zones (Raven and Hurd, 2012) .
The evidence on which occurrence of the acid zone mechanism is based is inhibition of photosynthesis in seawater by the presence of pH buffers such as Tris at concentrations of ≥10 mol m −3 . This was demonstrated for ecorticate freshwater characeans where buffers inhibited photosynthesis and eliminated the pH zonation on the surface. Buffers were originally used on seagrasses to limit pH changes resulting from photosynthesis and respiration (see Hellblom et al., 2001; Beer et al., 2002; Hellblom and Axelsson, 2003) . Inhibition of photosynthesis by buffers is consistent with the use of the acidification mechanism in many seagrasses (Hellblom et al., 2001; Beer et al., 2002; Hellblom and Axelsson, 2003; Uku et al., 2005; Koch et al., 2013; Burnell et al., 2014; Borum et al., 2016) . Hellblom and Axelsson (2003) discuss the complex interactions of buffers such as the commonly used 50 mol m −3 Tris buffer with the DIC system, concluding that Tris is still appropriate to indicate the occurrence of acid zones if they existed; they concluded that the presence of acid zones (≥l mm 2 ) is not supported by the evidence.
Given an enhancement of CO 2 concentration at the outer epidermal surface, CO 2 in epidermal cells of seagrasses could be delivered solely by diffusion through the lipid component of the plasmalemma, or involve supplementation of CO 2 -selective proteinaceous channels such as CO 2 -selective aquaporins (Raven and Beardall, 2016) , where there is still controversy over the CO 2 permeability coefficient for the lipid phase of the plasmalemma, and hence of the role of the CO 2 -selective aquaporins characterized from the plasmalemma of some terrestrial C 3 flowering plants (Groszmann et al., 2016) . On the basis of the area of mesophyll cells exposed to intercellular gas spaces in C 3 terrestrial plants, the rate of photosynthesis, at a photosynthetic photon flux density on a projected leaf area basis of 1000 μmol m −2 s −1
, is up 1 μmol CO 2 m −2 s −1 at the present atmospheric CO 2 concentration in the intercellular gas spaces (figs 8-16 of Nobel, 2005) . This 1 μmol m −2 s −1 is only about a third of the highest rate of photosynthesis on a total leaf surface area basis of seagrasses (Table 1) , making the case for mediated CO 2 influx stronger. There is also the possibility that the 'transfer cells' identified above play a role in the CCM.
To reiterate, one or more of the mechanisms that rely on transport of HCO 3 − (other than extracellular CA without localized acidification) can act as a CCM (Schwarz et al., 2000; Beer et al., 2002) . The combination of acid zones, albeit <l mm 2 , and external CA could yield a CO 2 concentration at the leaf surface that was several times that in the bulk seawater; thus, with a sufficiently high permeability of the plasmalemma to CO 2 (discussed above), a high enough CO 2 concentration could also occur in the cytosol (i.e. a CCM). Barbour et al. (2016) and Barbour (2017) discuss methods for investigating the movement of C i from the plasmalemma to the relevant carboxylase in terrestrial C 3 and C 4 plants. These techniques are not immediately applicable to seagrasses, so the rate of seagrass photosynthesis by intracellular transport is not currently amenable to investigation.
While the DBL effect on seagrass photosynthesis is generally attributed to the influence on C i supply, there is evidence (Mass et al., 2010) that restrictions on the O 2 efflux from the leaf also have a significant role in Halophila stipulacea. Such restrictions, the reverse of those for O 2 as far as the diffusive fluxes are concerned, increase the steady-state concentration of O 2 inside the photosynthezing leaf and hence allow for increased levels of reactive oxygen species (ROS), as well as enhancing the activity of Rubisco oxygenase relative to Rubisco carboxylase, and hence the production of phosphoglycolate and its stimulation of photorespiration (see earlier).
In some cases, the CO 2 compensation concentration, from the pH compensation value of ≤9, is consistent with diffusive CO 2 entry, although in other cases the pH compensation concentration is greater than pH 9, consistent with occurrence of a CCM (Beer et al., 2006; Jiang et al., 2010; Borum et al., 2016) . As indicated above, the natural abundance ratio of 13 C to 12 C in seagrass organic matter (Raven et al., 2002; McPherson et al., 2015; Stepien, 2015) has been of little help in determining the mechanism of DIC entry or distinguishing C 4 from C 3 photosynthetic biochemistry.
Conclusions
Seagrasses are members of the Alismatales, which have evolved mechanisms for growth and reproduction in seawater. They have the special adaptation that most of the chloroplasts are located in the leaf epidermis. The relatively high concentration of bicarbonate in seawater (~2 mol m -3 at pH 8.0) would suggest that HCO 3 − would be utilized by the epidermis in photosynthesis and would help to support a CCM. However, lack of studies and the complex interaction of factors mean that currently there is some support for a CCM but absence of definitive studies. A possible mechanism would be the presence of CA outside the epidermal cell membrane and acidification of the same compartment by an electrogenic H + efflux pump, which could allow for enhanced uptake of CO 2 followed by a CCM mechanism in the photosynthetic Data presented in the references cited are assumed to be based on projected leaf area for planar leaves where this is not clear, so the values cited are half of the area-based rates in the references. Values in James and Larkum (1996) are on a total surface area basis; Alexandre et al. (2012) cited photosynthesis on a projected area basis (A. Alexandre, personal communication) . Furthermore the cited photosynthetic values in Alexandre et al. (2012) were incorrect, and the values cited in Table 1 epidermal cells. It is also possible that the three, at least, independent origins of the seagrass families have resulted in different CCMs. We have to conclude that there is good evidence for a CCM in seagrasses, but that a true CCM that provides enhanced levels of CO 2 to Rubisco in the chloroplasts has not yet been proven.
